Full-scale anaerobic digestion processes for organic solid waste are common in Europe, but generally 2 unaffordable in Canada and the United States because of inadequate regulations to restrict cheaper 3 forms of disposal, particularly landfill. We investigated the viability of solid-state anaerobic digestion 4 (SS-AD) as an alternative that reduces the costs of waste pretreatment and subsequent wastewater 5 treatment. A laboratory SS-AD digester, comprising six 10L leach beds and an upflow anaerobic sludge 6 blanket reactor treating the leachate, was operated continuously for 88 weeks, with a mass balance of 7 101±2%. The feed was a mixture of cardboard, boxboard, newsprint, and fine paper, and varying 8 amounts of food waste (from 0% to 29% on a COD basis). No process upset or instability was observed. 9
In an attempt to circumvent the lack of strong regulations, or incentives, in North America (Guilford, 38 2017), a new approach to AD was developed and patented to treat all forms of solid organic waste from 39 residential and commercial sources (Forrestal et al., 2006a; Forrestal et al., 2006b ). The underlying 40
Feedstock and digestate -preparation, sampling and analysis 121
All components of the feedstock were recovered from residential waste recycling programs and 122 prepared as follows. The CB and BB were coarsely shredded (<3cm x 4cm); the FP and NP were shredded 123 in an office shredder (< 5cm x 0.5 cm); the BA, consisting of prepared ash wood, was supplied in 6 124 batches (BA#1 to BA#6). BA#5 was processed through a chipper; the other five were shredded in a Roto-125
Chopper and screened to <5cm; all were stored in bulk. The FW was recovered from a residential green 126 bin program in the Region of Durham, Ontario (which prohibits sanitary products and non-compostable 127 plastic). It was presorted to remove plastic and larger junk, shredded to <10cm in a shear shredder, and 128 stored in sealed plastic bags ( ̴ 1.5kg ea.) at -20°C. 129
130
The FW was thawed as needed, and hand-sorted to remove bones, inorganic matter, and smaller foreign 131 objects; it was either fed directly to Daisy (weeks 12 to 76), or first pulped in a blender with an equal 132 quantity of water (weeks 1 to 11 and 77 to 88). The fibres (FB) and BA were weighed, and mixed dry, in a 133 20L bucket using large stainless-steel spoons. Water was added to saturate the fibres (between 3.8L and 134 3.2L depending on the amount of food waste added); the FW was added last and thoroughly mixed in 135 using the same method. 136
137
To measure the digestibility of individual components of the feed, at different levels of FW addition 138 under actual digester conditions, stainless steel tea balls or 'coupons' (Fig. S1 ), were filled with samples 139 of a single fibre (between 1 and 4g), and inserted into the waste. Thus, at any given moment, four of the 140 LBs each contained six 2.5 cm tea balls comprising two triplicate sets; for example, three of CB and three 141 of NP, or three of BB and three of FP. The other two LBs each contained a single 5 cm tea ball containing 142 a sample of BA (7 to 11g); the larger size was necessitated by the morphology of the BA. 143 144 Each week fresh waste (feed) was placed into a LB, tamped down by hand, the head space measured, 145 the lid installed, and the assembly flushed, leak tested, and pressurized to 50 cm water column (WC), 146 with argon, before installation in Daisy. Quick-disconnect fittings with shut-off valves enabled rapid LB 147 removal and replacement without ingress of air. At the end of each digestion period (typically 6 weeks), 148 a LB was removed and replaced with a LB of fresh waste. After removal, each LB was drained for 24h, 149 and the recovered leachate returned to Tank 1 (through a valved port to preserve gas pressure). The 150 headspace was re-measured and the settlement noted. The coupons were removed and weighed and 151 their TS/VS determined using standard methods; 50 mL samples of the digestate (DG) were taken from 152 13, 20, 25 and 28 cm from the top of the LB, for determination of TS/VS; a separate sample (also taken 153 at 25 cm) was analyzed for COD. A 300g bulk sample of DG was retained and frozen at -20°C. A detailed 154 record of the input and output for every LB was maintained. An example is shown in Table S1 . 155 156
Experimental Design 157
The 88-week experiment was divided into 12 periods, each representing a different set of operating 158 conditions (Table 1) . After initial start-up, which took 5 weeks, the impact of specific process changes 159 was investigated. In Period 1 (weeks 6 to 15) consistent operation was established. The solids retention 160 time (SRT) was always set at 42d except during Period 2 (weeks 16 to 24) which briefly explored an 161 increase in SRT to 49d (7 weeks) by omitting LB replacement every 6th week; in Period 3 Daisy was 162 returned to 42d (6 week) SRT; CODFW addition was 17.2% throughout Periods 1, 2 and 3. In Periods 4a, 163 4b, and 4c, CODFW addition was reduced to 12.9%, 7.9% and 0% respectively. In Period 5, CODFW addition 164 was returned to 17.2% in a single step; a change to a new batch of bulking agent at week 58 caused a 165 decline in performance which took 15 weeks to resolve. In Period 6a CODFW addition was increased to 166 21.2% and in Period 6b to 29.3%. 167 
178
Four leachate samples were withdrawn from valve V2 (Fig. 1B) four times per week. One (15 mL) was 179 analyzed for TS, VS, and COD using standard methods (APHA 92); the second (50 mL) to determine the 180 pH and alkalinity ratio, the third (2x10 mL) was prepared and stored for subsequent microbial analysis 181 and the fourth (10 mL) was filtered using 0.22µm nylon syringe filter and stored at -20°C for subsequent 182 ion chromatography (IC) analysis for VFAs and sulphate. Sampling for VFA and microbial analysis began 183 at week 35. Approximately every two weeks, samples of biogas (200 µL) were extracted through septa, 184 installed in the infeed lines to GM1 and GM2, and analyzed for CH4 and CO2 using a gas chromatograph 185 with a thermal conductivity detector (GC-TCD). Temperatures and biogas volumes were recorded in the 186 data logger and downloaded daily. A daily activity log was maintained to record all inputs and outputs 187 (time, type and volume), system adjustments, operating anomalies, and corrective measures. Where: Vsyn. is the synergistic (or unaccounted for) methane generated from fibre, Vtotal is the measured 215 total methane produced; Vfibre is the measured methane produced at 0% CODFW, and VFW78 is the 216 calculated maximum volume of methane generated from the added FW alone, from CODFWconverted, 217 assuming 78±1% CODFW conversion, a value obtained from our biochemical methane potential (BMP) 218 tests (Guilford, 2017) in agreement with the literature (Eleazer et al., 1997) . 219 220
RESULTS AND DISCUSSION 221
The results are described and discussed from seven perspectives; 1) analytical results; 2) mass balance; 222
3) long-term performance and stability; 4) the effect of food waste(FW) addition on the digestibility of 223 lignocellulosic fibres, and on performance; 5) the relative digestibility of the fibres -CB, BB, NP, FP and 224 BA -from coupon data; 6) the unexpected effect of a change in bulking agent; and 7) the effect of SRT 225 on performance. 226 227
Analytical results for feedstocks, digestate and biogas 228
The elemental composition and ash content (and thus VS), of each the substrates and digestates, were 229 measured and averaged; the stoichiometric formula of each substrate was calculated (Table S2) ; the 230 stoichiometric formula of the 83-week weighted average feed to Daisy was also calculated as 231 C90H155O67N; The COD content of each of the substrates was calculated from Equations (1), (2), (3) and 232 (4), and compared to the measured values (Table S2 ). The measured and calculated values of COD 233 content corresponded well; unsurprisingly, the greatest discrepancy was for FW, the most variable of 234 the substrates. The TS, VS, and COD of the digestate from all 87 LBs was measured (Table S3 ). The 235 average methane content of the biogas was 58.5±3.7% from GM1 (the UASB), and 51.7±3.6% from GM2 236 (balance of the system); the weighted average was 52.4% (Table S4 ). The methane content was also 237 calculated, from digestion stoichiometry, as 52.5% (using equations shown in Fig. S3 ). The measured 238 weekly volume of biogas and of CH4, were corrected to STP (273K and 100kPa) (Table S5) for each period two different ways using equations 6A and 6B, from week 6 to week 88 inclusive (Table  244 S6). The cumulative mass balance for all 83 weeks was 101±2% (Method A) and 100±2% (Method B); 245 these results thus validate the sampling and analytical methods used, and create a sound foundation 246 upon which to assess Daisy's performance. The mass balance does show a little variability when 247 considered by individual Period, particularly using Method B (Table S6) ; the reasons are discussed in the 248 description of Table S6 on page 4 of the SI. 249 250
Long term operation 251
For each of the 12 operating periods, the feedstock composition, operating conditions, and Daisy's 252 performance measured as substrate destruction efficiency (Equations 7, 8 and 9) and methane yield 253 (Equation 10), are shown in Table 1 . The input data to all calculations are derived from Tables S1-S5 . 254
The destruction efficiency of BA over 6 weeks averaged about 7%, irrespective of food waste addition 255 (Table S7 ). Since BA is to be reused at commercial scale, and would artificially depress measurements of 256 performance, it was excluded from the calculation of substrate destruction efficiency as shown in 257 equations (7), (8), and (9). 258
259
The SRT remained at 42 days (i.e., 6 weeks), except during Period 2 (which lasted only 8 weeks) when it 260 was 49 days. Food waste addition, expressed as a percent of total COD added, varied from 17.2% down 261 to 0% then back up to 29.3%. The C:N ratio, calculated from Equation 5 (Table 1) CODadded and the corresponding COD destruction efficiency from 18.6% to 65.3% ( Fig. 2A) . Despite wide 271 variations in methane yield and substrate destruction, Daisy's operation remained stable throughout. In 272 particular, the alkalinity ratio (weekly average) remained below 0.52 (against a target of ≤0.4) and the 273 pH between 6.7 and 7.3, with a brief excursion to 7.6 (Fig. 2B ). VFA's and sulphate were measured four 274 times per week, beginning at week 35. The first VFA measurement, taken 6h after installation of a LB of 275 fresh waste, showed a sharp spike (except at zero FW); the second and third, taken 1d and 3d later, 276
showed sharp declines (Fig. 2C) . At no time was there any indication of a build-up of VFAs, hence the 277 stability of pH and alkalinity ratio. It was discovered, by about week 20, that there was no accumulation 278 of leachate within Daisy, and thus no free wastewater being produced. Measurement of the TS content 279 of the digestate revealed that the same quantity of water was being removed in the digestate as was 280 being added in the feed. By measuring the VS content of the leachate it was possible to determine the 281 fate of the inorganic salts; their concentration within Daisy (Fig. 2D) (Fig. 2E) . 286 287
3.4
The effect of food waste addition on Daisy's performance -synergy 288 One of our main objectives was to study the effects of FW addition on digester performance (Table 1 unreported effect whereby FW addition enhanced the digestibility of the fibres, and that the extent of 300 enhancement was related to the amount of FW added. The objectives of the research were expanded to 301 include investigation of this apparent synergistic effect. 302
303
In Period 5, Daisy was returned to 17.2%CODFW in a single step over 42d (six LB changes). After seven 304 weeks (at week 57), CH4 production had gradually risen to (a single week value of) 279 L.wk -1 and 305 substrate destruction efficiency of 52%. At this point, the supply of BA#4 was running low, so Daisy was 306 switched to BA#5 for 6 weeks. Performance immediately began to decline (Table 1 and Fig 2A) CODadded, and a COD destruction efficiency 314 of 65.3%. In both cases, CH4 production increased by an amount greater than could be accounted for by 315 the increase in CODFW. The synergistic effect of food waste addition on the digestibility of the 316 lignocellulosic fibres was quantified at each of six levels of CODFW addition, using Equation 11, and 317 plotted in Fig. 3 , which also includes substrate destruction efficiency. The magnitude of the synergistic 318 effect is very large and quite obviously related to the amount of FW added. At 29%CODFW the methane 319 yield from the fibre was nearly 3 times the yield at 0%CODFW. The data were also plotted as LCH4.kg -320 1 CODFBadded vs %CODFW, (Fig. S4 ). This shows a very strong linear relationship to the limit of the available 321 data, even when using the more conservative assumption of 100%FW conversion to perform the 322 calculation. It is certain that the effects of FW addition will, at some higher level, become progressively 323 less beneficial, and this needs further study. The digestibility of individual fibres and bulking agent 335 Not all the fibres are equally digestible and this offers some further insight into the mechanism of 336 synergy. The digestibility of individual fibre samples embedded in the LBs was assessed using coupon 337 tests. Coupons (tea balls) were present under all operating conditions. The destruction efficiency of all 338 four individual fibres -CB, BB, NP, and FP plus BA, at the same six CODFW addition rates (Table S7) apparent that the differences among them grow wider as %CODFW increases. It would also appear that 342 the digestibility of the fibres may be directly related to the severity of the pulping processes used in 343 their manufacture; FP is chemically pulped and bleached and contains no lignin, CB and BB are also 344 chemically pulped but still contain some lignin (also the latter is coated on one or both sides), NP is 345 mechanically pulped and has a high lignin content, and BA is not pulped at all. 346
347
The coupon results also provided two further pieces of data; firstly, the digestibility of the BA ranged 348 from 3.8% to 8%, averaged 7.0%, and rose only slightly with FW addition, but the standard deviations 349 are large (Table S7 ). The average value was used to calculate the amount of undigested CODBA, subtract 350 it from the CODDG, and calculate substrate destruction efficiency excluding BA. Secondly, it suggested 351 that the digestibility of NP rises, then declines, with FW addition (Fig. 4) . This particular anomalous trend 352 for NP requires verification. 353 354
3.6
The effect of bulking agent on Daisy's performance 355
The switch to BA#5 caused a vexing decline in performance (CH4 yield and COD destruction efficiency) of 356 about 20%. After six weeks (at week 64), leach beds were progressively switched back to BA#4 (from a 357 reserve supply). Performance gradually improved and, at week 71, the BA was switched again to BA#6, 358 methane production eventually stabilized at prior levels, and Period 6 began at week 74. BA#4 and BA#6 359
were prepared with a Roto-Chopper (essentially a shredder which produces splinters of wood), and the 360 larger particles screened out; the two batches were similar in appearance and behaviour. BA#5 was very 361 different; it was produced with a chipper, and the particles were coarser, shorter and fatter (Fig. S2) . 362
Simple tests of the physical properties of the two batches (Table S8) CODadded, and a substrate 374 destruction efficiency of 53.7% (Table 1 and Fig. 2A ). In Period 2 the SRT was extended to 49d from 42d. 375
This had the effect of creating unevenness in L CH4.wk -1 , reflected in the increased coefficient of 376 variation (Table 1) . Nevertheless, performance remained unchanged at 172 LCH4.kg -1
CODadded, and COD 377 destruction efficiency of 53.5%. Extending the SRT to 49d was not beneficial. At week 88, Daisy was shut 378 down and the last six LBs removed simultaneously. Substrate destruction efficiency at 29.3%CODFW, was 379 determined for all 6 LBs, and plotted against SRT (Fig. 5) . Daisy achieved 68.4% COD destruction at 42d, 380 at which point the curve is almost flat (and presumably close to the asymptote). However, destruction 381 efficiency had already reached 63.5% at 21d and 66.8% at 28d. These results suggest that, at 382 29.3%CODFW, 98% of ultimate performance had already been achieved with an SRT of just 28d. Of 383 necessity, this was a single experiment, but it strongly suggests that the SRT can be significantly reduced 384 with little loss in performance. 385 386
3.8
Comparison to other digesters with similar substrates 387
Daisy's performance on a VS basis was compared to that of other digesters with similar substrates, 388 (Table 2) intervals; one UASB; 2 leachate tanks -T1 to feed UASB, and T2 to feed LBs; 3 peristaltic pumps -P3 feeding LBs, P1 feeding UASB, P2 balancing T1 and T2; two wet-tip gas meters, 6 automatic 3-way valves and 9 sampling valves. 
